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Abstract 
     Local capillary trapping (LCT) occurs during buoyancy-driven migration of bulk phase CO2 within a saline aquifer exhibiting 
spatially varying properties (permeability and capillary entry pressure). When the rising CO2 plume encounters a region where 
capillary entry pressure is locally larger than average, CO2 accumulates beneath the region. The benefit of LCT, applied specially 
to CO2 sequestration, is that saturation of stored CO2 is larger than the saturation predicted for other trapping mechanisms, yet the 
CO2 is not susceptible to leakage through failed seals. 
     In this paper, the effects of the injection rate, anisotropy, formation dip, aquifer types and residual gas saturation on the LCT 
saturation/mass were systematically investigated including the injection period. The domain with heterogeneous capillary 
pressure was generated by using geostatistical permeability realization and Leverett-J function to assign an individual drainage 
curve to each grid block. After injection, leakage was simulated that represents localized caprock breach induced by geochemical 
process or by stress/strain variation within the reservoir/caprock. The trend of the fraction of CO2 above residual that remains 
trapped after seal rupture was evaluated. Residual and dissolution trapping were assessed and compared to LCT over time during 
and after injection. 
     Results indicate that local capillary traps in the near-well region can be fully filled during injection in the domain. Moreover, 
they remain filled after post-injection buoyancy-driven flow ends. The flow regimes are dependent on the injection rate, but LCT 
mass fraction is almost insensitive to the CO2 injection rate (gravity number). This implies that local capillary trapping is 
primarily determined by the geological model. Anisotropy does not change the LCT structures although it has some impact on 
the LCT CO2 saturation and plume dynamics. Formation dip angle is demonstrated to be the most influential parameters on the 
structures and mass fraction of injected CO2 held in LCT, as it changes the effective horizontal permeability correlation length. 
The key finding from this research is that LCT could be as significant as residual trapping in immobilizing CO2 during the 
intermediate period in the open aquifer.    
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
CO2 sequestration in the saline aquifer has been widely accepted as the most promising and easily accessible way 
to reduce the carbon emission and global warming in this century [1]. In order for the CO2 to be stored in a manner 
that is secure and environmentally acceptable, it is essential to understand the behavior and migration of CO2 in the 
geologic formations under the effects of complicated interplaying forces (namely buoyancy, capillary pressure, and 
viscous force), geologic characteristics and operating conditions. 
Typically, CO2 can be trapped in the subsurface with the following mechanism: stratigraphic/structural trapping 
[2], dissolution trapping [3], residual trapping [4] and mineral trapping [5]. Among these mechanism, dissolution, 
residual and mineral trapping are considered as the safest way of immobilizing CO2 in the storage body, while the 
remaining CO2 (as the free gas) mostly in the stratigraphic and structural traps are potentially mobile and most likely 
escape from the storage body should leakage  occur. 
Recently, a novel trapping mechanism – local capillary trapping [6, 7] – was proposed when the capillary 
pressure characteristics of the storage formation are heterogeneous. Specially, it occurs during buoyancy-driven 
migration of bulk phase CO2 within a saline aquifer exhibiting spatially varying properties (permeability and 
capillary entry pressure). Its benefit, applied specially to CO2 sequestration and storage, is that saturation of stored 
CO2 will be larger than the saturation predicted for other trapping mechanisms. Also, in case of leakage, the amount 
of CO2 that could escape from a structural trap is smaller – sometimes much smaller than the case in which a single 
capillary pressure curve is assumed [6].  
The local capillary trapping is at small-scale equivalent of “fill and spill” process for charging hydrocarbon 
reservoirs. It is analogous to pooling of dense non-aqueous phase liquid spilled onto soils. Several mechanisms 
would bring about local capillary traps at the scales of 10-2 to 10+1 m within the saline aquifer, such as grain size 
variation (e.g., fining upward sequence), changes in the depositional environmental over time, and non-uniform 
diagenetic alteration. The phenomenon of local capillary trapping has been observed and studied in the CO2 core 
flooding tests by use of the CT scanner [8-11] and 2D bench-scale experiments on buoyant plumes under 
countercurrent displacement in domains with different types of heterogeneity [12].  
Several numerical simulations on the capillary pressure heterogeneity have been published with the emphasis of 
history matching to the CO2 saturation after heterogeneous coreflooding of CO2/brine [10, 13-15]. Previous work [6, 
7] on the local capillary trapping indicates that 10-50% of the maximum possible local capillary traps get filled 
during buoyancy-driven drainage process. The local capillary trapping increases with horizontal permeability 
correlation length, wider distribution of entry capillary pressure, and smaller vertical correlation length. However, 
because the previous work assumed a limiting-case initial distribution of CO2 in the storage formation, it remains to 
be determined whether more realistic distributions of saturation for buoyancy-driven CO2 migration, namely the 
distribution of CO2 at the end of a long-term injection period, affect the extent of local capillary trapping. Also, it is 
valuable to examine the effect of both fluid/rock properties (e.g., residual gas saturation) and operating parameters 
(e.g., injection rates) on the local capillary trapping.  
In this paper, numerical simulation was undertaken to evaluate the trend of the fraction of potential local capillary 
traps filled as a function of primary controls including the effect of injection period for a range of gravity numbers in 
the 2D domains representative of typical storage formations. At the steady state of buoyant flow, a leak conduit is 
manually introduced along the wellbore to evaluate the effect of local capillary trapping on the storage performance. 
 
Nomenclature 
g            gravity acceleration (9.8m/s2)  
kv           average vertical permeability (m2) 
mLCT          mass of CO2 that is trapped by local capillary trapping (gram) 
mDIS           mass of CO2 that is trapped by dissolution trapping (gram) 
mRSI           mass of CO2 that is trapped by residual trapping (gram) 
5564   Bo Ren /  Energy Procedia  63 ( 2014 )  5562 – 5576 
MWCO2  CO2 molecular weight, 44 g/mole 
PV         pore volume of a grid block 
Sg           grid blockCO2 saturation 
u            total velocity of CO2 (m/s) 
XCO2       liquid mole fraction of CO2 
YCO2       gas mole fraction of CO2 
Δρ         density difference between brine and CO2 (kg/m3) 
ρg, molar     gas phase mole density (mole/ft3) 
ρl, molar      liquid phases mole density (mole/ft3) 
P          CO2 viscosity at reservoir condition (cp) 
∑           add the grid block together 
2. Aquifer Model Description 
     Following [6, 7], a 2D aquifer model is built with 100 ft * 400 ft * 1ft, the grid block size is 1ft*1ft*1ft, therefore 
totally 40000 grid blocks are involved in the model. The reservoir pressure is of 2265 psi with constant temperature 
of 140 °F, which is the typical condition of a deep saline aquifer. To mimic an open aquifer horizontally, the pore 
volume of the cells at the right boundary are multiplied by a large volume factor (1.0E+7).  
     All the simulations are conducted on heterogeneous and isotropic or anisotropic permeability field (Fig. 1); the 
isotropic permeability field has an average of 100 md and a Dykstra-Parsons coefficient of 0.7. Permeability field is 
generated with the correlation length of 5 ft in the x-direction (horizontal) and no correlation in the z-direction 
(vertical). Permeability is correlated with the porosity by Holtz formula [16]. The Leverett-J function [17] is used to 
scale the capillary pressure of each grid with different permeability and porosity.  
 
Storage
Formation Brine ( SW = 1)
400 ft
100
ft
25
ft
      
Fig. 1. 2D aquifer model (left) and isotropic permeability field (right). Large volume modifiers (1.0E+7) are applied to the right boundary 
gridblocks (dotted line) to represent open boundary. Red line at bottom left indicates perforation interval for injection well.  
The simulator used in this study is CMG-GEM. In the simulation, we set the brine phase as “oil” and CO2 as 
“gas”, and tune Peng-Robinson equation of state to experimental data on CO2/brine solubility. The relevant 
parameters input are same as the previous study [6, 18]. 
3. Injection and Leakage Simulation Scheme 
We examine four injection rates with corresponding gravity numbers of 0.04, 0.4, 4, 40. Here, the gravity number 
is defined in the following form; 
 vgr
gk
N
u
U
P
'                                                                                                                                                 (1) 
     In the above, U' is the density difference between brine water and CO2, g is the gravity acceleration, vk is the 
average vertical permeability, u is the total velocity of CO2, and P is the CO2 viscosity at reservoir condition. At the 
given reservoir condition, the CO2 density is determined to be 618.7
3/kg m , and brine density is 1024.6 3/kg m , 
the viscosity of CO2 is 0.0486 cp .  
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     As can be seen in Fig. 1, the injection well is located in the left boundary gridblocks with the bottom quarter (25 
grids) perforated. The mass of injected CO2 is chosen to be enough to exactly fill the pore volume of the domain 
excluding the right boundary grids (this is because the volume modification of the rightmost column of grid blocks 
makes them too large for the CO2 to alter the saturation). The mass is determined to be 190 ton. The same mass is 
injected in each case, yielding the injection periods shown in Table 1. However, this mass could only occupy 
0.004% of the pore volume of the total domain (i.e. including the right boundary grid blocks). Therefore, the 
injected CO2 has almost no effect on the aquifer pressure system.  
Table 1. Injection simulation scheme in the 2D domain 
Injection rate (Scf/d) Injection period (year) Gravity number Dominant force 
490 20 40 Buoyant force 
4900 2 4 -- 
49,000 0.2 0.4 -- 
490,000 0.02 0.04 Viscous force 
      
     The injection and post-injection simulation lasts for a total of 50 years in all four cases. This is sufficient for post-
injection buoyancy driven flow to reach steady state. At the steady state of buoyant flow, leak conduit was manually 
introduced to represent a caprock breach induced by geochemical process or by stress/strain variation within the 
caprock, and leakage simulation lasts for another 50 years. The leakage model is schematically shown in Fig. 2. In 
this model, the leak conduit is assumed to have a high permeability of 2 Darcy with the width of 4 ft. The upper 
aquifer above the leak has the permeability of 2 Darcy and porosity of 0.3. This facilitates the escape of CO2 from 
the storage formation, so that any hindrance to escape should be the result of behavior within the storage formation 
[7]. Similar to the storage formation, large pore volume modification has been assigned to the right boundary grid 
blocks of the upper aquifer to mimic an open system.  
H2= 50 ft
hshale= 50 ft
H1= 100 ft
Upper Aquifer
Storage
Formation
Leak
Shale
Barrier
400 ft  
Fig. 2. 2D aquifer leakage model, both the upper aquifer and lower aquifer (storage formation) are open in the right boundary (dotted line).  
4. Trapping Mechanism Quantification 
In this work, mineral trapping is not considered since it is an extremely slow chemical process [5] under the time 
scale of our study. Local capillary trapping, dissolution and residual trapping are quantified. Here, local capillary 
trapping is simply defined as the CO2 with saturation ranging from maximum residual gas saturation (0.286) to 1. 
Therefore, gas saturation of the grids in the storage domain above maximum residual saturation would be considered 
as local capillary trapping. The LCT is calculated using the following equation; 
2 2,
0.286
( ( 0.286) )
g
LCT g g molar CO CO
S
m PV S Y MWU
!
     ¦                                                                       (2) 
The dissolution trapping is quantified using the following equation; 
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2 2,
( )DIS w l molar CO COm PV S X MWU    ¦                                                                                               (3) 
The residual trapping is quantified using the following equation; 
2 2 2 2, ,
0.286 0.286
( 0.286 ) ( )
g g
RSI g molar CO CO g g molar CO CO
S S
m PV Y MW PV S Y MWU U
!  
         ¦ ¦     (4)           
5. Results  
5.1. Effect of injection rate 
Fig. 3 shows the CO2 plume distribution at the end of injection under different injection rates, the total injected 
CO2 mass is the same (190 ton) for all four cases. It can be observed that injection into the isotropic domain 
eliminates the transition zone which occurs in the “initial emplacement” simulation (Saadatpoor, 2012), at least in 
the vicinity of the wellbore. At large injection rate (Ngr=0.04, 0.4), the immiscible displacement is compact and CO2 
could go almost everywhere during injection (Fig.3a and 3b). However, when the small injection rates are 
employed, corresponding to the large gravity numbers, CO2 mostly follows channels of correlated large-than 
average permeability (Fig. 3c and 3d). As the injection rate decreases, buoyancy stands out as the main driving force 
and the gravity segregation is pronounced. As indicated in Fig. 3d, most of the injected CO2 flow along the top half 
of the storage formation. 
After injection ends, CO2 would continuously migrate upward and laterally under the driving force of buoyancy. 
We run the simulation till CO2 plume is at the steady state, and it is observed that in the post-injection periods, CO2 
is either migrating along a path at a low critical saturation or backfilling/flooding a trap to a higher saturation. This 
kind of behavior, at large scale, is similar to the migration of hydrocarbons through water saturated rocks, where 
they may accumulate beneath a trap to build up an oil reservoir, or continue migrate upward [19, 20].  
 
         
          
Fig. 3. CO2 plume distribution at the end of injection in the isotropic formation under the different gravity number (by changing the injection rate) 
of 0.04 (a), 0.4 (b), 4 (c), 40 (d).  The mass of CO2 injected is the same in all four cases.  
Fig. 4 shows the CO2 plume distribution after 50 years of injection (corresponding to Fig. 3) and post-injection 
period, at which time the CO2 is at the steady state of buoyant flow. The bright and scattering yellow colors 
represent local capillary trapped CO2, while the cyan color is the residual gas trapping. As can be seen, large 
injection rate leads to widespread residual gas trapping during water imbibition into the CO2 plume, as indicated in 
Fig. 4a and 4b. CO2 immobilized by local capillary trapping is surrounded by CO2 immobilized by residual gas 
trapping, which makes the local capillary trapped CO2 much safer should caprock integrity be compromised. 
In the cases with high gravity number, most of the local capillary traps do not get filled because CO2 migrates 
along some, but not all, of the channels with small capillary entry pressure, which means CO2 accesses relatively 
small volume of local capillary traps. Obviously, the fraction of potential local capillary traps in the domain filled 
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dc
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for the largest gravity number (Fig. 4d) is the least in the four cases studied here. Therefore, utilization efficiency on 
local capillary traps decreases as transition from compact displacement to the capillary channeling flow, i.e. as 
injection rate decreases. 
 
         
         
Fig. 4. CO2 plume distribution at the steady state of buoyant flow after 50 years of simulation (including injection and post-injection period) in 
the isotropic formation under the different gravity numbers, which corresponds to Fig. 3. 
After 50 years of injection and post-injection flow simulation, a leak conduit is introduced along the wellbore and 
then another 50 years of leakage simulation is conducted to examine the robustness of the local capillary trapping 
established during the buoyancy dominated flow. The final CO2 plume distribution at the steady state for the leakage 
modeling is shown in Fig. 5. Most of the bright yellow colors still reside in place; this means that local capillary 
trapped CO2 is stable and robust. What leaks from the formation is the CO2 in the flow path connected with the leak 
conduit. 
 
           
          
Fig. 5. CO2 plume distribution after 50 years of leakage modeling which follows the state of Fig. 4. 
 We quantify the local capillary trapped CO2 mass fraction in the above cases. Here, LCT mass fraction is defined 
as the mass of local capillary trapping divided by the mass of CO2 remaining in the 399*100 grid blocks at the 
steady state. The 400 th column of grid blocks acts as a boundary condition (recall the very large VOLMOD 
multiplier is applied to this column) and thus is not included in the LCT calculation.  
At the steady state, the variation of local capillary trapping mass fraction along with gravity number for the 
injection and leakage modeling is shown in Fig. 6. It can be observed that LCT mass fraction is almost insensitive to 
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the injection rate and it stays around 40%. It is worthwhile to notice that, although different injection rate gives rise 
to different displacement pattern and the local capillary traps utilization efficiency decreases as gravity number 
increases, this does not affect the local capillary trapped CO2 mass fraction. 
  
 
Fig. 6. Variation of LCT CO2 mass fraction with gravity number for the injection and leakage modeling, the selected time for quantification is at 
the steady state of buoyant flow. 
5.2. Effect of anisotropy (Kv/Kh) 
As stated earlier, injection of large quantities of CO2 eliminates the transition zone in the isotropic formation, 
even when perforations are only in the bottom quarter of the domain. On the other hand, such transition zones are 
important features of CO2 migration from an initial emplacement of CO2 at the bottom of a storage structure [21]. 
Therefore, it is important to determine if transition zones arise during long-term injection under other conditions. 
The conditions most likely to lead to this situation are permeability anisotropy. 
Here, we decrease the ratio of vertical permeability to horizontal permeability to be 0.1, 0.01, 0.001, and inject 
the same amount of CO2 (190 ton) into the domain under the same injection rate (49000 Scf/d). Fig. 7 shows the 
CO2 plume distribution at the end of the injection for the 2D model with Kv/Kh equal to 1 (a), 0.1 (b), 0.01 (c), 0.001 
(d). At the end of injection, the mass of CO2 staying in the storage domain (399 ft *100 ft) are 106 ton, 110 ton, 97 
ton, and 68 ton, respectively. With the increasing level of anisotropy, CO2 tends to flow along the bottom of the 
domain. It can be observed from Fig. 7d that, for the very anisotropic formation with Kv/Kh equal to 0.001, injected 
CO2 is located in the bottom of the domain and become the source CO2 zone for the following buoyancy-dominated 
flow, during which, transition zones and gas caps are generated.  
 
         
         
Fig. 7. CO2 plume distribution at the end of injection for the 2D model with Kv/Kh equal to 1 (a), 0.1 (b), 0.01 (c), and 0.001 (d). The total 
injected CO2 mass is 190 ton with the injection period of 0.2 years under the injection rate of 49000 Scf/d. 
This is observed by continuous flow simulation under the buoyancy-dominated displacement. The CO2 plume 
distribution after 50 years of injection and post-injection flow is shown in Fig. 8 (a), (b), (c) and (d) with the 
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increasing anisotropy. From the figure, we can see that in the viscous flooded areas (in the dashed red rectangular) 
that are common for the four cases, local capillary trapped CO2 structures and distributions are similar, although the 
local capillary trapped CO2 saturations change a little bit. We quantify the LCT saturation in the above common 
areas and they are equal to 0.66, 0.66, 0.64, and 0.58 as the increase of anisotropy. The first three cases with relative 
large mass of CO2 left in the storage domain tends have the higher CO2 saturation in the local capillary traps than 
the highest anisotropic case with the least left of CO2 mass. The local capillary trapping in the transition zone and 
the gas cap are similar to patterns reported by Saadatpoor (2012) for purely buoyancy driven migration in a closed 
domain.  
In the transition zone, as shown in Fig. 8c and 8d, CO2 migrates along some of the capillarity dominated flow 
paths to reach the top seal, but leaves large saturation of gas in the flow path. Large saturation of CO2 also 
accumulates below the top seal but not uniformly. At the end of simulation, most of the CO2 is connected along the 
preferential paths, but through a wide spectrum of saturation. It is worthwhile to notice that, in Fig. 8d, almost half 
of the upper portion of the domain is not invaded by the CO2, therefore, the intrinsically existing local capillary traps 
in these un-invaded grid blocks are not filled. 
 
         
         
Fig. 8. CO2 plume distribution after 50 years of buoyant flow simulation in the 2D model with Kv/Kh equal to 1 (a), 0.1 (b), 0.01 (c), and 0.001 
(d). This part of simulation starts from the end of injection corresponding to Fig 7.  
Similar to the section 5.1, a leak is introduced along the wellbore after 50 years of injection and post-injection 
flow modeling with another 50 years of leakage simulation under the buoyancy-dominated displacement. It was 
observed that after seal rupture, local capillary traps are robust, and no CO2 escapes from the highly anisotropic 
formation during leakage in the intermediate period. Also, we quantify the LCT mass fraction for the four cases with 
the increasing anisotropy. The LCT mass fraction has almost no change with increasing anisotropy (decreasing 
gravity number), and it remains around 39% for both injection and leakage modeling. This is almost identical to the 
behavior arising when flow rates varies.  
5.3. Effect of formation dip angle 
In this section, the influence of the geologic setting (dip angle) on the potential local capillary trapping structures 
is studied by selecting three dip angles; 0° , 5°, and 25°. They are representative of horizontal formation, moderate 
dip and highly inclined formations, respectively. Fig. 9 shows the CO2 plume distribution at the steady state of 
buoyant flow after 50 years of injection and post-injection flow simulation in the 2D isotropic models with different 
dip angles under the gravity number of 0.04. Generally, we can see that local capillary trapping structures (bright 
yellow color) in the moderate dip formations are similar to those of the horizontal formation, however, when the 
formation is becomingly highly inclined, local capillary trapping structures tend to be parallel to the formation.  It 
can be extrapolated that when the formation is vertical, there would be the least amount of the local capillary 
trapping, because the vertical permeability correlation is zero for our 2D horizontal domain, and when the domain 
becomes vertical, the vertical permeability correlation length changes into the lateral permeability length. This 
observation is consistent with our previous findings by the geologic method [22] that, the local capillary traps 
decrease as the horizontal correlation becomes smaller.  
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Fig. 9. CO2 plume distribution after 50 years of injection and post-injection period (at the steady state) for the 2D isotropic model with formation 
dip angle equal to 0 degree (a), 5 degree (b), and 25 degree (c), respectively. The total injected CO2 mass is 190 ton with the injection period of 
0.02 year under the same large injection rate (Ngr=0.04). 
Additionally, we inject the same amount of CO2 into the above domains by using a small injection rate (Ngr=40). 
The CO2 plume distributions at the steady state are shown in Fig. 10. It is worthwhile to notice that, when the 
injection rate is smaller for the highly-deviated formation (Fig. 10c), CO2 migration tends to be dominated by 
several of the capillary channels. Obviously, most of the local capillary traps potentially existing in the domain 
cannot be flooded and filled in this situation. However, for the horizontal formation with low injection rate, as 
shown in Fig. 10a, although the local capillary traps in the upper left portion is not flooded by CO2, they can still be 
filled by the backfilling of CO2 from the gas cap. From this aspect, we can conclude that if the small injection rate 
has to be employed due to the small injection pressure or fracturing pressure, it is better to choose the horizontal 
aquifer as the storage body to make good use of local capillary traps in the formation. On the other hand, the 
phenomena of backfilled local capillary trapping indicates that perforation interval might have no impact on the 
LCT, although it does affect injectivity and bottom-hole pressure. 
Also, we quantify the LCT mass fraction for these formations and compare them under two different injection 
rates. In both cases, the local capillary trapping mass fraction decrease almost linearly with the increase of angle. 
Large injection rate gives rise to the LCT mass fraction 6% higher than the small rates. The results are in agreement 
with the above observation. 
 
b
a
c
b
a
 
 Bo Ren /  Energy Procedia  63 ( 2014 )  5562 – 5576 5571
 
Fig. 10. CO2 plume distribution after 50 years of injection and post-injection period (at the steady state) for the 2D isotropic model with 
formation dip angle equal to 0 degree (a), 5 degree (b), and 25 degree (c), respectively. The total injected CO2 mass is 190 ton with the injection 
period of 0.02 year under the same small injection rate (Ngr=40). 
5.4. Effect of residual gas saturation 
Previous studies keep the maximum residual gas saturation to be 0.286. In this section, we study the effect of 
residual gas saturation on the local capillary trapping in the injection and leakage modeling. The injection domain 
and injected CO2 amount is same as used in the section 5.1, except that the injection rate keeps constant with gravity 
number equal to 0.04. The selected residual gas saturation is in the range of 0~0.44, which covers the typical value  
[23] of sandstone/sand-packs (the latter are of interest for validating simulations against experiments). We quantify 
the mass of LCT, residually trapped, and dissolved CO2 at the steady state of buoyant flow during post-injection 
period and leakage period; the result is shown in Fig. 11. The solid lines represent CO2 mass fraction in different 
forms at the steady state of post-injection buoyant flow, while the dashed line represents leakage scenario. As can be 
seen, local capillary trapping, residual and dissolution trapping lines under above two cases almost overlap with 
each other. As the residual gas saturation increases, dissolution trapping decreases slightly given the relatively short-
term flow simulation. However, this greatly decreases the local capillary trapping, which means that these two 
mechanisms compete with each other in the intermediate storage period.  
As stated earlier, local capillary trapping occurs under the buoyancy-driven flow, while residual trapping refers to 
the CO2 immobilization as the disconnected blobs or ganglia during water imbibition into the CO2 plume after 
injection [18]. Therefore, both residual gas trapping and local capillary trapping are considered as the effective ways 
of immobilizing CO2 in the short-term to ensure safe storage. Further optimization on the trapping process should 
incorporate LCT, residual and dissolution trapping together. In the next section, we further explore and compare the 
change of these trapping mechanisms along with time in different types of aquifers.  
 
 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
m
as
s f
ra
ct
io
n 
in
 v
ar
io
us
 fo
rm
s 
Residual Gas Saturation 
Residual trapping-Injection
Residual trapping-Leakage
Local capillary trapping-Leakage
Local capillary trapping-Injection
Dissolution trapping-Leakage
Dissolution trapping-Injection
c
 
5572   Bo Ren /  Energy Procedia  63 ( 2014 )  5562 – 5576 
Fig. 11. Variation of CO2 mass fraction in different forms with the residual gas saturation, the measurement is at the steady states of buoyant flow 
for both post-injection and leakage periods.  
5.5. Effect of viscous force on the LCT 
All the above studies are limited to the effect of buoyant force on the LCT structure, robustness and mass fraction 
in the open boundary storage domain where aquifer pressure has almost no change during the storage period; the 
reservoir pressure increases by only 5 psi at the moment of leakage.  
In this section, we study the effect of viscous force on the local capillary trapping by considering the leakage in a 
closed aquifer, where pressure build-up is a big concern for the safe CO2 sequestration [24]. The domain 
configuration is same as section 5.1 except that a relatively smaller VOLMOD (1.0E+4) was employed to the right 
boundary grid blocks. Meanwhile, the injected CO2 mass is kept as before of 190 ton under the injection rate of 
490000 Scf/d. Therefore, the finite size of the domain was noticeable for the volume of CO2 injected, and 
consequently the fluid pressure in the domain increases during injection. At the moment of leakage, the average 
pressure build-up relative to the original reservoir pressure was almost 2000 psi. This is helpful for us to check the 
LCT effect on safe storage of CO2 in case of leakage.  
Fig. 12 compares the CO2 plume distribution for both open and closed aquifer after 50 years of leakage modelling, 
which follows 50 years of injection and post injection flow. As can be seen, when the viscous flow (driven by the 
relaxation of the pressure build-up in the storage formation into the still hydrostatic pressure in the formation above 
the storage formation) occur during leakage, the size of local capillary trapped CO2 clusters (dispersed bright yellow) 
and the magnitude of the associated CO2 saturation in the local capillary traps (Fig. 12a) become much smaller, as 
compared with that of leakage purely under the buoyancy-dominated displacement (Fig.12b). However, many small 
local capillary traps still remain in the former formation.  
 
          
Fig. 12. CO2 plume distribution after 50 years of leakage modeling in the closed aquifer (a) and open aquifer (b). 
     We then quantify these local capillary trapping CO2, and compare the mass change of CO2 trapped by residual, 
LCT, and dissolution along with time (injection, post-injection and leakage) for the closed and open system. The 
results are shown in the upper and lower charts of Fig. 13. In these two cases, the injection only lasts for 0.02 years 
with respect to the small domain and large injection rate. Many of the previous studies have shown the change of 
mass fractions of CO2 in various forms during long term injection and post-injection (e.g., [25]). Here, we focus on 
the post-injection and leakage period, because, during these two periods, local capillary trapping takes the effect for 
safe storage of CO2. It can be seen that during post-injection period, local capillary trapping decreases while residual 
trapping increases, because the LCT changes into the residual trapping during water imbibition as CO2 moves 
upward. However, after seal rupture, the flowing CO2 that connects to the leak point escapes from the formation in a 
short time period. After that, the buoyant flow is at the steady state, and the mass fraction of CO2 in the three forms 
keeps almost constant in the intermediate time period. During this period, local capillary trapping immobilizes more 
CO2 than dissolution trapping for the closed system, while for the open aquifer, LCT could play as significant role 
as residual gas trapping in storing CO2. LCT mass fraction at the steady state of leakage is 0.15 for the former while 
it achieves as high as 0.37 for the latter system. This demonstrates that LCT is very sensitive to the aquifer pressure 
system and the effect of viscous force on the local capillary trapping is much significant during leakage. 
ba
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Fig. 13. Variation of CO2 mass fraction trapped by LCT, residual gas, and dissolution along with time. The upper is for the closed aquifer, while 
lower one is for open system.  
This result is consistent with laboratory experiments [26], in which local capillary traps of buoyant non-wetting 
phase remain intact when pressure is hydrostatic, but when forcing imbibition occurs (driven by imposing a gradient 
in hydraulic potential in the aqueous phase in the domain), much of the locally trapped phase is displaced. 
6. Discussion 
6.1. Local capillary trapping filling and occupation efficiency 
In section 5.1, we describe the distribution CO2 at the steady state of buoyant flow during leakage period under 
the different injection rates. Here, we superimpose the local capillary trapped CO2 (grid with saturation larger than 
residual gas) on the entry capillary pressure field to study the heterogeneous capillary entry pressure on the CO2 
plume, the result is shown in Fig. 14 which corresponds to Fig. 5a. In Fig. 14, the black color represent the local 
capillary trapping extracted from Fig. 5a, and the background is the entry capillary pressure field with the value 
ranging from 1 to 10 psi as indicated in the color bar. The continuous blue areas (e.g., the white curves) are with 
small entry capillary pressure which can be considered as flow channel during leakage, while the green and yellow 
portions represent the capillary barrier with locally high entry capillary pressure, below which, local capillary 
trapping can be formed as long as CO2 charges into the traps.  
As can be seen from Fig. 14, large clusters of CO2 (black region within in the red circle) or small accumulation of 
CO2 (small black region in red arrow) are below or surrounded by local capillary barriers. The correlated regions of 
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entry capillary pressure (as capillary pressure is correlated with permeability) determine the flow channel and local 
capillary traps during buoyancy-driven flow. It is the local capillary traps that determine the final distribution of CO2 
in the storage body. On the other hand, some of the CO2 plume with high saturation (scattered black points) in the 
flow channel was disconnected during upward movement, which prevents them reaching the leakage point in the 
studied time framework. These parts of CO2 might finally escape from the formation, or become residually trapped, 
or charge into the near-by local capillary traps in the long term.  
  
  
Fig. 14. Superimposing the LCT CO2 saturation silhouette (black, corresponding to Fig.5a) on the entry capillary pressure field. The color bar is 
the entry capillary pressure in psi.  
     As shown in Figure 3, the local capillary traps in the near well region can be fully filled (CO2 invades all the 
traps and establishes large saturation) during injection in the isotropic domain as long as Ngr < ~4 . Moreover, they 
remain filled after post-injection buoyancy driven flow ends. The next question would be how large this “near well 
region” can be in the typical injection scenario in a 3D case. Here, we make a simple calculation by evaluating how 
far into the reservoir the value of Ngr is less than 4, considering vertical well injection into the open aquifer with the 
thickness of 390 ft, and the vertical perforation interval is in the lower quarter part. CO2 is injected at the rate of 
5.0E+7 Scf/d. The average vertical permeability is 20 md with brine and CO2 properties same as described in section 
3.  The calculated near-well region is about 55 feet. Therefore, the swept zone, where almost all the local capillary 
traps could be filled, is very small for the typical injection rates.  
6.2. Local capillary trapping mass fraction 
As shown in section 5.4, the mass fraction trapped by LCT at the steady state of buoyant flow changes with the 
residual gas saturation. However, it does not change with the gas injection rate, as shown in Fig. 6. This is one of the 
important findings for this paper. Also, the injection rate has minor effect on the amount of CO2 that leaks from the 
formation; with high injection rate corresponding to Fig. 5a, 3.4% of the injected CO2 escapes into the upper aquifer, 
while this number decrease to 2.2% for the low injection rate (Fig. 5d). Considering the leak happens after the 
injection induced increase in fluid pressure has almost dissipated, the leaked CO2 fraction for the four different 
injection rates are very similar. However, the leak here is assumed to be a line conduit and leak point is along the 
wellbore. Both the LCT mass fraction and leakage fraction can vary depending on the leakage scenarios (single 
point vs multiple, line vs plane, connectedness between leak and the potential local capillary traps, et al). 
7. Conclusion 
We simulated CO2 injection into a heterogeneous 2D domain known to exhibit local capillary trapping during 
buoyancy driven flow, with two main objectives: to examine whether the flow rate (measured by gravity number) 
alters the extent of LCT, and to determine whether an open system, which is generally encountered in the 
sedimentary basin, alters the extent of LCT. We mimic this kind of system by choosing a very large volume 
multiplier on the right boundary grid blocks and injecting proper amount of CO2. Based this system, we quantify and 
compare the contribution of injection rate, formation anisotropy, dip angle, residual gas saturation on the LCT 
structures and mass fraction. 
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The main finding is that local capillary trapping can play as significant role as residual gas trapping in 
immobilizing CO2 in the intermediate period of leakage from the open aquifer system. This would greatly enhance 
the safety of CO2 sequestration and refines the risk assessment framework. Therefore, future CO2 sequestration 
project design and optimization on trapping process should incorporate the local capillary trapping. 
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